Abstract This study examined the bioavailability of iron contained in microencapsulated ferric saccharate in a rat model of iron deficiency anaemia. Three groups of male Sprague-Dawley rats with induced iron deficiency anaemia were subsequently treated with a control Fe-deficient diet (2-6 mg Fe/Kg of diet) with or without the addition of 10 mg Fe/Kg of diet (in form of ferrous sulphate or microencapsulated ferric saccharate) for 2 weeks. The bioavailability of microencapsulated ferric saccharate was examined by measuring body weight gain, feed efficiency and reticulocyte parameters, and compared with the bioavailability of ferrous sulphate. Final body weight, feed efficiency, mean corpuscular volume of reticulocytes and average haemoglobin content in reticulocytes were significantly higher in anaemic rats supplemented with either microencapsulated ferric saccharate or ferrous sulphate, compared to anaemic controls. No significant differences were found between the two iron-supplemented groups. The total number of reticulocytes showed a similar trend. The results demonstrated that ingestion of microencapsulated ferric saccharate is as effective as ferrous sulphate in recovery from iron deficiency anaemia.
Introduction
Iron deficiency anaemia is one of the most prevalent nutritional problems in the world (De Benoist et al. 2008 ). Its prevalence is particularly high among young children and women of reproductive age. It can cause developmental delays and behavioural disturbances in children (Lozoff et al. 2006 ). In women of reproductive age, it reduces physical performance (Pasricha et al. 2014 ) and increases the risk of preterm delivery and of having babies with a low birth weight (Leung and Chan 2001) .
Iron supplementation or fortification is commonly recommended to prevent iron deficiency anaemia, but current solutions have drawbacks such as dose limitation, food oxidation and short shelf life. Moreover, soluble iron salts produce several side effects (i.e. unpleasant taste, vomiting, pyrosis, altered transit and/or stool darkening) (Hyder et al. 2002; Waldvogel et al. 2012; Pasricha et al. 2013) . Microencapsulation of iron sources can reduce these problems, avoiding the interaction of iron with the environment until reaching the intestine, increasing its compatibility with other ingredients and reducing side effects. Iron usually exists in the ferrous (Fe 2? ) or ferric (Fe 3? ) state. The ferrous form is directly absorbed in the duodenum by a divalent metal transporter (DMT1) (Chua et al. 2007) , while ferric iron is reduced to the ferrous form by a ferrireductase at the apical surface of the epithelial brush border.
In the present study, we compared the bioavailability of a microencapsulated ferric saccharate form (MFS), trademarked as AB-Fortis Ò (AB-Biotics S.A, Spain), to that of ferrous sulphate. Ferrous sulphate was chosen as a positive control because it is commonly used as a standard in iron bioavailability studies due to its good bioavailability (Jeppsen and Borzelleca 1999; Lysionek et al. 2003; Sakaguchi et al. 2004) . MFS is a patented micro-encapsulated preparation consisting of a calcium alginate matrix that holds and protects a salt of Fe 3? inside. MFS is produced by ionotropic gelation of alginate with calcium, entrapping the iron salt inside. Calcium displays a stronger interaction with alginate, stabilizing the microcapsules and avoiding the release of iron. Ideal iron fortifiers should permit supplementing high doses of iron in food (50% of recommended daily intake and above) without changing their physical, chemical or sensory properties (Hurrell 2002) .
Because of the ubiquity of iron, its compartmentalized sites of action, and its complex metabolism, usual pharmacokinetic measurements such as serum concentration are largely irrelevant when evaluating the bioavailability and efficacy of iron preparations (Schümann et al. 1997 ). As such, pharmacokinetic and pharmacodynamic assessments of iron supplements cannot be based on the standard principles that apply to non-endogenous drugs. In a previous study (Contreras et al. 2014 ) the iron absorption of MFS was tested in healthy non-iron deficient volunteers in a cross-over, single-dose study. This study demonstrated that iron absorption in MFS was equivalent to ferrous sulphate as denoted by a similar increase of the saturation of transferrin (iron-binding blood plasma glycoprotein) for a period of 6 h. The present study aimed to demonstrate not only that iron was absorbed, but also whether it was incorporated into haemoglobin by studying MFS bioavailability in a rat model of iron deficiency anaemia.
Materials and methods
This study was approved by the Animal Care and Use Committee of the University of Barcelona. The study design was based on the official AOAC 974.31 (Association of Official Analytical Chemists) method (AOAC 1974) , but modified by specifically measuring haemoglobin content and corpuscular volume in reticulocytes.
Animals and diets
Twenty male Sprague-Dawley weanling rats (aged 21 days, weighing 35-40 g) from Harlan Interfauna Ibérica (Barcelona, Spain) were randomly assigned to one of three dietary groups (n = 6/negative control group, n = 6/positive control group, and n = 8/test group) as illustrated in Fig. 1 . Animals were housed in stainless steel cages (two animals per cage) in a controlled environment (20-22°C, 30-50% of relative humidity and 12 h light cycles). Anaemic animals were prepared by feeding them AIN-93G Fe-deficient diets (2-6 mg Fe/kg diet) for 23 days. Next, the negative control group was fed the same Fe-deficient diet for an additional 14 days, while the other two groups were fed one of the following diets for the same period: (1) positive control group, AIN-93G Fe-deficient diet plus FeSO 4 (10 mg Fe/kg diet); and (2) test group, AIN-93G Fedeficient diet plus MFS (10 mg Fe/kg diet). Rats were allowed free access to their diet and to deionised water (Millipore Milli-Q System) during the experiment.
Sampling procedure
Body weight and food consumption were periodically measured throughout the experimental period. After 23 days on Fe-deficient diet, animals were anesthetized with inhaled isofluorane and a volume of 0.1-0.3 ml of blood was extracted from the saphenous vein and collected in microtubes containing dipotasic EDTA as anticoagulant. The total haemoglobin content of blood was measured with the haematology autoanalyzer ADVIA 120 (Bayer, Spain) in order to verify that animals had become anaemic. All rats had haemoglobin \6 g/dL, and thus were satisfactorily depleted of iron. Next, rats received either one of the two Fe-fortified diets or the negative control diet. After an additional 14 days, the animals were anesthetized in the same conditions stated before and blood (0.3 mL) was extracted by intracardiac puncture and collected in tubes containing dipotasic EDTA as anticoagulant. Full haemograms were measured with the haematology autoanalyzer ADVIA 120 (Bayer, Spain). Number of reticulocytes, mean corpuscular haemoglobin concentration in reticulocytes (MCHC R ) and mean corpuscular volume of reticulocytes (MCV R ) were measured for each animal at the end of the study. The average haemoglobin content of reticulocytes was calculated by multiplying MCHC R 9 MCV R . 
Release of iron in simulated gastrointestinal conditions
Ferrous sulphate, ferric saccharate and MFS were solved in distilled water at 35 mg/L of elemental iron each. Subsequently, pH was adjusted to 2.0 with HCl and solutions were incubated for 2 h. Then, pH was adjusted to alkaline conditions with NaOH and bile salts (Oxgall) were added, and the solutions were further incubated for 4 h. Several aliquots were taken at different time points to determine free iron content.
Statistical analysis
Data were analysed by IBM Ò SPSS Statistics v.20 for Windows and expressed as mean ± standard error of the mean (SEM). Two-way analysis of variance (ANOVA) was used to determine the effect of diet, time and their interaction on body weight. One-way ANOVA was used to assess the effect of diet on the remaining variables at the beginning and at the end of the treatment period. The exact nature of the differences between treatments was determined by Tukey's post hoc test. A confidence coefficient of 95% was used.
Results and discussion
Effect of iron supplementation on body weight Animals had similar initial weight, and no significant differences were noted among groups at the beginning of the anaemia recovery period (see Table 1 ). Evolution of body weight during the study is shown in Fig. 2 . All animals gained body weight through the study, although data show a clear difference among the three study groups. Body weight was increased in both fortified groups to a similar extent, whereas body weight gain was markedly lower in the group fed the negative control diet. A two-way ANOVA analysis of body weight versus time shows that time (P \ 0.001), treatment (P = 0.005) and interaction (P \ 0.001) effects are clearly significant. From the sixth day of the recovery period (29th day) onwards, rats treated with either ferrous sulphate or MFS had statistically higher body weights than controls (P \ 0.001 for both groups). No statistically significant differences between MFS and the positive control (ferrous sulphate) were found. Feed efficiency was significantly higher in both supplemented groups than in negative controls, again without significant differences between iron supplemented groups.
Effect of iron supplementation on reticulocytes
The average haemoglobin content of reticulocytes was determined to evaluate iron status. As can be seen in Table 2 , MCV R values were similarly increased in both the positive control (ferrous sulphate) and MFS group, compared to negative controls (P \ 0.01), while there were no differences between both fortified groups. The total number 19.3 ± 1.2* 42.5 ± 3.2** 35.8 ± 1.3** a n = 6 for negative control and positive control groups, and n = 8 for MFS group b n = 3 for negative control and positive control groups, and n = 4 for MFS group
Results are expressed as mean ± SEM. Results in the same row not sharing a common superscript are significantly different based on Tukey post hoc test at P \ 0.05 Fig. 2 Body weight increase during all the study. The anaemia induction period starts on day 0, and the recovery period starts on day 23. Data represents averages and SEM. n = 6 for negative control and ferrous sulphate groups, and n = 8 for MFS group of reticulocytes also showed a similar trend, although the difference between the fortified groups and the negative controls did not reach statistical significance (P = 0.083) owing to the larger standard deviation. Conversely, there were no differences in MCHC R between groups. The average haemoglobin content in reticulocytes is shown in Fig. 3 , both the positive controls and MFS showing a highly significant increase compared to negative controls (P \ 0.01). However, no differences were found between positive control and MFS group. Supplementation with ferrous sulphate and MSF increased average haemoglobin content in reticulocytes by 1.86 ± 0.28 pg and by 1.64 ± 0.46 pg, respectively. Thus, based on the increase in average haemoglobin content of reticulocytes, relative bioavailability of MFS compared to FeSO 4 would be estimated to be 0.88. Compared to the official AOAC 974.31 method, we sought to determine iron bioavailability by specifically measuring haemoglobin content in reticulocytes. Reticulocytes are immature red blood cells that are released into the blood stream to become mature red blood cells. When the iron status is low, reticulocytes are released into the bloodstream with an insufficient amount of haemoglobin (Fukui et al. 2002; Handelman and Levin 2008) . Taken together with their short lifespan of 60 days (Derelanko 1987) , this makes reticulocytes a suitable marker of the iron stores right before the analysis. Therefore, we hypothesized that their haemoglobin content could be more sensitive to short-term iron bioavailability than total blood haemoglobin in erythrocytes. Although the official AOAC 974.31 method requires the testing of doses of up to 24 ppm of iron and groups of at least 8 animals, by focusing the analysis on reticulocytes it was possible to observe a statistically significant effect on blood parameters in both iron-supplemented groups with doses of 10 ppm and using 6 animals per group only. Therefore, although further validation is required, these results suggest that measuring specifically haemoglobin content in reticulocytes could be a good alternative to refine the official AOAC method, as there is a growing interest in performing studies with fewer animals, following the principles of the 3Rs (Replacement, Reduction and Refinement).
Iron replacement therapy is necessary to correct haemoglobin levels and replenish iron stores in iron deficiency anaemia. Oral treatment is usually preferred being an inexpensive and effective treatment. Moreover, it can reduce the risk of adverse effects such as iron overload usually associated to other forms of administration (i.e. intravenous iron administration). Many iron-containing preparations are available on the market, but they vary widely in dosage, chemical state of iron (ferrous or ferric form), bioavailability and cost. The bioavailability of trivalent versus bivalent preparations was studied by several authors (Kaltwasser et al. 1987; Mehta 2003; Ruiz-Argüelles et al. 2007 ), concluding that anaemic patients treated with ferric preparations failed to respond in several cases, while the same patients responded to the administration of a ferrous form.
Ferrous salts are cheap and present good bioavailability (between 10 and 15%), but their main drawback is a high incidence of side effects, such as nausea, heartburn, pain, diarrhoea or constipation, that increase the rejection of iron-fortified products by the consumer (Mannar 2006) . In a systematic review about tolerability of different oral iron supplements, it was found that the incidence of gastrointestinal events with ferrous sulphate preparations was MCV R mean corpuscular volume of reticulocytes and MCHC R mean corpuscular haemoglobin concentration in reticulocytes. Results are expressed as mean ± SEM. Results in the same row not sharing a common superscript are significantly different based on Tukey post hoc test at P \ 0.01. n = 6 for negative and positive control groups, and n = 8 for MFS group Fig. 3 Average haemoglobin contained in reticulocytes calculated by multiplying MCHC R 9 MCV R . Data represents averages and SEM. n = 6 for negative control and ferrous sulphate groups, and n = 8 for MFS group markedly higher than with ferric iron such as iron protein succinylate (31.6 vs. 7.0%) (Cancelo-Hidalgo et al. 2013) . Microencapsulation is a good technique to avoid interaction of the encapsulated ingredient with the environment and reduce side effects. Iron supplements typically produce pyrosis and nausea when free iron reaches the stomach. MFS minimizes these adverse effects, since the microcapsules are designed to be stable at acidic pH. This was confirmed using an in vitro experiment simulating gastrointestinal conditions. Results are presented in Fig. 4 , showing that iron was well protected in the microcapsules under acidic conditions simulating the stomach (first 2 h). Alterations in gut transit are a common side effect of iron supplementations. Iron is a key growth factor for many bacterial species (Andrews et al. 2003) , promoting the overgrowth of opportunistic iron-dependent bacterial genera (e.g. Enterobacteria), but not of other bacteria such as Bifidobacteria or Lactobacilli, thus leading to microbiota imbalance (dysbiosis) in some individuals. Bacteria of different genera have been shown to induce different contraction patterns in the gut (Massi et al. 2006) . To reduce the risk of dysbiosis, oral iron supplements should release iron in a controlled manner, in order to avoid high concentrations of free iron in the gastrointestinal tract. In this regard, MFS acts as an extended release formulation, keeping the iron encapsulated in the stomach, and then releasing iron gradually in the intestine, thus reducing the amount of free iron and the risk of dysbiosis.
It is important not only to achieve protection and stability, but also to have good bioavailability. In a previous study (Contreras et al. 2014 ) it was shown that iron absorption from MFS was equivalent to that from ferrous sulphate in healthy, non-iron deficient volunteers. The present study in a murine model of anaemia has demonstrated not only that MSF iron is absorbed but also incorporated into haemoglobin, allowing the animals to recover from anaemia.
Since iron is well absorbed, the microcapsules must be able to completely release their content in the intestine. Calcium displays a strong interaction with alginate, thus stabilizing the microcapsules and avoiding the release of iron. However, when MFS reaches the intestine, the calcium layer is dissolved and iron is gradually released due to the ionic interaction of iron with alginate being weaker. This assumption was confirmed in an in vitro experiment (see Fig. 4 ), most iron becoming soluble after 1 h under simulated gut conditions.
In terms of cost, although microencapsulated products are more expensive than soluble iron salts, the impact on the cost of the fortified food product is almost negligible (i.e. approximately 1-2 USD cents for daily dose), as the amount of MFS required to achieve the desired recommended daily intake is very small.
Conclusion
MFS displayed similar bioavailability to ferrous sulphate at the dose tested (10 mg Fe/Kg diet). This conclusion is supported by the analysis of the average amount of haemoglobin in reticulocytes (reflecting bioavailable iron in the short term), the total number of reticulocytes, their mean corpuscular volume, body weight gain and feed efficiency. Both MFS and ferrous sulphate resulted in statistically significant differences compared to negative control (P \ 0.01), but no differences could be found between them (P [ 0.05 in all comparisons).
